
MATERIALS AND METHODS 

Strains and cell culture: The M. smegmatis strain mc
2
155, augmented with a kanamycin 

resistance-integrating vector pMV306, was used in this study (gift of Chris Sassetti and 

Kadamba Papavinasasundaram). The cells were cultured in 7H9 media supplemented with 0.2% 

glycerol, 0.05% Tween-80, 10% OADC, and 25 g/ml kanamycin. M. smegmatis were grown to 

log phase and filtered through a 10 m filter to achieve a single cell suspension. The M. 

tuberculosis strain H37Rv was cultured in 7H9 supplemented as described above but without 

kanamycin. The leucine/pantothenate M. tuberculosis auxotroph (M. tuberculosis leu panCD) 

was cultured in 7H9 as described for M. tuberculosis and additionally supplemented with 50 

g/ml leucine (Sigma-Aldrich) and 24 g/ml pantothenate (Sigma-Aldrich) (31). This strain was 

constructed by Sampson et al. as a candidate vaccine strain but may be used in a biosafety level 2 

facility (31). The E. coli strain DH5 was grown in LB broth. All cells were grown and imaged 

at 37
o
C. 

Microfluidic device:  Microfluidic devices were made of polydimethylsiloxane (PDMS) bonded 

to glass substrates using soft lithography techniques (32). Briefly, the desired pattern was 

photolithographically defined by using a Mylar mask printed at 40,000 dpi and created by 

employing negative photoresist (SU-8, MicroChem) patterned on silicon wafers. This process 

created masters with two-layer features. The first SU-8 was made to a height of approximately 

0.8−0.9 m and defined the side channels and chambers where mycobacteria are loaded, whereas 

the second layer was deposited to a height ranging 10−17 m to form the main microfluidic 

feeding channel and serpentine mixer, where appropriate. The heights of SU-8 features on the 

masters were measured with a surface profilometer (Dektak ST System Profilometer, Veeco 

Instruments Inc.). The masters were then used as molds, on which PDMS prepolymer mixed 

with crosslinker at 10:1 weight ratio was poured, degassed, and allowed to cure in a conventional 

oven at 65 ºC for at least 24 h. The cured PDMS replicas were then removed from the molds and 

fluid inlet and outlet ports were punched with a sharpened flat-tip needle. Finally, the PDMS 

replicas were subjected to a brief oxygen plasma treatment, and bonded to glass cover slips to 

obtain the final devices. 



Microscopy: Time-lapse images were acquired using a DeltaVision PersonalDV microscope 

with an automated stage enclosed in an environmental chamber warmed to 37
o
C (Applied 

Precision, Inc.). Images were acquired with 60x- (Plan APO NA 1.42) and 100x- (Plan APO NA 

1.40) oil objectives for M. smegmatis and M. tuberculosis, respectively. Cells were illuminated 

with the InsightSSI Solid State Illumination system (461-489 nm; Applied Precision, Inc.) and 

recorded with a CoolSnap HQ2 camera (Photometric). Focus was maintained using the Ultimate 

Focus System (Applied Precision, Inc.). Images were acquired every ten minutes for 18-24 hours 

for M. smegmatis and up to 72 hours for the leucine/pantothenate M. tuberculosis auxotroph. 

Images were acquired every minute for two hours with the 60x objective (above) for E. coli. 

Image processing and analysis: Images were saved in the Softworx format (Applied Precision, 

Inc.) and annotated in ImageJ and ObjectJ (33, 34). Custom python and Matlab programs were 

used to analyze the annotations (The Mathworks). The brightness and contrast were adjusted 

linearly and identically across the each image in a series. Ten microcolonies of M. smegmatis 

(totaling 322 cells) were analyzed for this study. Our annotation procedure produced similar 

distribution of elongation rates to published rates when used to measure E. coli elongation rate 

(35). 

Cell wall labeling: Cells were pelleted and washed with PBS with 0.2% Tween 20 (PBST) and 

resuspended in PBST in 1/10 of the culture volume. Alexa Fluor 488 carboxylic acid 

succinimidyl ester was added to a final concentration of 0.05 mg/ml and gently mixed 

(Invitrogen). The cells were pelleted immediately, washed in PBST and resuspended in culture 

media. This staining process did not alter growth rate (fig. S5A). M. tuberculosis cells were fixed 

for one hour in 4% parafomaldehyde before removal from the biosafety level 3 facility. 

Alexa568-conjugated vancomycin (Van-Alexa) was generously provided by Robert Husson and 

Mushtaq Mir (36). M. smegmatis cells were grown for 2.5 hours in the microfluidic device 

before staining with 5 g/mL Van-Alexa for two hours. The cells were images with an mCherry-

optimized filter set after flowing regular growth media for one hour.  

Antibiotic treatment: M. smegmatis were grown in a microfluidic device for eight hours to 

establish microcolonies before treatment for eight hours at the minimal inhibitory concentration 

of meropenem (2.3 mM), D-cycloserine (0.04 mg/ml), isoniazid (25 M), and rifampicin (50 



M), as determined using an Alamar blue assay ((37); Sigma-Aldrich). The cells recovered in 

normal growth media for eight hours. The cells were grown in a modified microfluidic device. 

The device was outfitted with two inlets (one for normal media and one for media with 

antibiotics; only one inlet was used at a time) and the shallow channels ended with a 60 m 

diameter circular “room” that enabled us to visualize the recovery of cells more readily. The 

channels leading up to the room were 100-200 m long, 10-16 m wide, and the room and the 

channels were 1 m tall.  

 

Statistical analysis: Statistical analysis was performed using the Statistics Toolbox in Matlab 

2010a (The Mathworks). Distributions were compared to the null hypothesis using a t-test and 

two distribution were compared to each other using a two-sample F test for equal variance where 

not specified.  
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Figure S1. Division symmetry is similar in M. tuberculosis and M. smegmatis. M. 

tuberculosis ∆Leu ∆PanCD and M. smegmatis were grown and imaged on an enclosed 4% 

agarose pad in supplemented 7H9 media (5). The division symmetry of recently divided sister 

cells are plotted as depicted in Figure 1D.  
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Figure S2. Cells inheriting the mother’s growth pole continue to elongate from that 

growing pole. Time-lapse images of a representative M. smegmatis cell that inherits a small 

section of the pulse-labeled cell wall. This cell inherits the mother’s growing pole and continues 

to elongate from the same pole before dividing (between 8 and 10 h).  
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Figure S3. The cell division cycle is governed by time in M. smegmatis. (A) Birth length and 

elongation length, which is defined as the length that the cell elongates between birth and 

division, are negatively correlated for 102 E. coli cells (regression slope of -0.75). (B) 

Characterization of the timing of birth events. A second representative microcolony is shown 

here (the first example is illustrated in Figure 4B). (C) Cell cycle times based on the population 

mean (from the time domain) for ten microcolonies. The error bars represent the standard 

deviation. Microcolonies A and G had significantly different cell cycle times than B, E, F, H, I, 

and J (p<0.05 by a rank sum Mann-Whitney test). 
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Figure S4. Alternator and accelerator cells and individual microcolonies are differentially 

susceptible to different classes of antibiotics. Percent survival post-treatment is plotted as the 

median of survival per microcolony (red) with error bars denoting 95% confidence intervals for  

accelerators and alternators (left), and growth pole ages (right). M. smegmatis cells were treated 

with minimal inhibitory concentrations of (A) meropenem, (B) cycloserine, (C) isoniazid, and 

(D) rifampicin (2.3 mM, 0.04 mg/ml, 25 µM, and 50 µM, respectively). Asterisks (**) denote 

p<0.05 by a Mann-Whitney rank sum test, indicating that the medians were derived from 

statistically different distributions.  
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Figure S5. Amine reactive dye stains the cell wall without affecting growth rate. (A) 

Distribution of the elongation rates of 35 M. smegmatis cells that are stained or unstained with 

amine reactive dye. The growth rates are similar (p>0.05). (B) Image of M. smegmatis cells 

grown in suspension and pulse-labeled. (C) Representative image of M. smegmatis cells briefly 

labeled with Vanc-Alexa568 (red), localized primarily to the old (growing) pole (arrow). The 

new pole, old pole, and anticipated site of septation were determined by time-lapse microscopy. 

The bright field image is pseudo-colored green. (D) Images of E. coli cells pulse-labeled with 

amine reactive dye immediately after the labeling and one hour later. The dye is shown in green 

and the bright field image is pseudo-colored red. The dye diffuses after a few generations of 

recovery, in contrast to M. smegmatis. 
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